Abstract: Inward rectifier potassium currents are present in different types of cells. In the heart, the inward rectifier potassium current I K1 plays a crucial role in maintaining cardiac resting membrane potential and excitability. It is generally believed that the strong inward rectification of cardiac I K1 channels makes it conduct substantial current near the resting potential but carry little or no current at depolarized potentials. However, recent studies in native cardiac myocytes and HEK 293 cell line stably expressing human Kir2.1 gene have demonstrated that a significant transient outward current carried by I K1 channels is activated by the upstroke of action potential. This review will revisit cardiac I K1 channels, especially the previously-ignored transient outward component of I K1 carried by Kir2.1 channels.
INTRODUCTION
The term "inward rectification" was originally used by Bernard Katz in 1949 to describe a novel current that rectifies "anomalously" in the inward direction, compared with the outward rectifier current in skeletal muscle [1] , and by Silvio Weidmann in 1955 to describe the current recorded in sheep cardiac Purkinje fibers with a two-electrode voltage-clamp technique [2] . The strong inward rectifier K + current was also recorded in ventricular trabeculae and papillary muscles [3, 4] and atrial fibers [5] of frog heart using a sucrose-gap voltage clamp technique, and the current is so strong that only small currents can be measured in the outward direction at voltages positive to the K + reversal potential (E K ) while large inward currents can be easily observed negative to it. This cardiac inward rectifier K + current is referred as I K1 and is recognized to play an important role in stabilizing membrane potential in the heart [6, 7] . I K1 has been extensively studied in mammalian artery and cardiac myocytes from different species including human [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] using patch voltage-clamp technology [18, 19] . Molecular identities, mechanisms of inward rectification, and signaling regulation of I K1 were well investigated in last decade. Recent studies demonstrated that upregulation or downregulation of I K1 may induce short or long QT syndrome. This review will revisit cardiac I K1 to summarize unsolved mysteries of I K1 channels and the previouslyignored transient outward component of I K1 channels elicited by the upstroke of cardiac action potential. Excellent review articles [20] [21] [22] are recommended to readers for the rich literature on inward-rectifier K + channels. 
MOLECULAR IDENTITIES OF I K1 AND HETERO-GENEITY IN THE HEART
Molecular identities of different ion channels including inward rectifier K + channels have been clarified with the development of molecular cloning technology [23] [24] [25] [26] [27] [28] . It has been recognized that the inward rectifier K + channels Kir2.x (Kir2.1, Kir2.2 and Kir2.3) mediate cardiac I K1 [20, 29] . Kir2.x channels, similar to Kv channels, are tetramers [30] . However, Kir subunits contain two transmembrane domains (M1 and M2), instead of six transmembrane domains (S1-S6) in Kv channels. Kir subunit has cytoplasmic aminoterminal and carboxyl-terminal and a pore loop structure (P region) between M1 and M2. Like other K + channels, the common sequence Gly-Tyr-Gly (GYG ) of Kir2.x in the P loop determines K + -selectivity [20, 29, 31] . The assembly of Kir2.x subunits into homomeric or heteromeric channels has been considered to be related to heterogeneous I K1 distribution in cardiac myocytes [32] [33] [34] .
Therefore, the molecular compositions of cardiac I K1 channels are homomeric or heteromeric tetramers composed of different Kir2 isoforms with various proportions in different species of cardiac myocytes [8, [34] [35] [36] [37] . Thus, species and regional heterogeneities of I K1 are present in mammalian hearts [33, [38] [39] [40] . The properties of I K1 channels in atrial myocytes are different from those in ventricular myocytes, and the density of I K1 is generally greater in ventricular myocytes than that in atrial myocytes. Furthermore, I K1 channels in ventricular myocytes exhibit a stronger and more complete inward rectification and more prominent negative slope conductance at depolarized potentials than those in atrial myocytes [10, 33, [40] [41] [42] . This may account for different morphologies of action potentials in atrial and ventricular myocytes [38, 40] .
MOLECULAR MECHANISM OF HETEROGENEOUS I K1 CHANNELS IN THE HEART
I K1 channels are heterogeneously present in atrial and ventricular myocytes in different species. Although regional dependence of cardiac I K1 channels was initially believed to be related to the variation in concentrations of intracellular free polyamines, it has been recognized that the heterogeneity of cardiac I K1 channels in the heart is resulted from inhomogeneous expression of different isoforms of Kir2 genes in atrial and ventricular myocytes, since different Kir2 channels exhibit distinct rectification profiles. Kir2.1 channels exhibit a strong inward rectification with a large outward component [28, 38] . The single channel conductance of Kir2.1 is 35 pS. Kir2.3 channel shows a decreased inward rectification with a smaller outward component, and single channel conductance of Kir2.3 channel is 13 pS [27, 38] .
The heterogeneous I K1 expression in the heart has been described in guinea pig [38, 42] , rabbit [33] , sheep [38] , canine [40] , and human [43] [44] [45] . In the canine heart, Kir2.1 protein level was greater in ventricular myocytes than that in artrial myocytes; while Kir2.3 protein level was greater in atrial than that in ventricular myocytes [40] . Kir2.2 channel could not be detected in the heart of canine, sheep, or guinea pig [38, 40] . Dhamoon [38] .
On the other hand, guinea pig atrial I K1 encoded by Kir2.1 channels rectifies completely [38, 42] and shows an increase in outward currents with elevating K + o (Dhamoon et al., 2004) . The heterogeneuous expression of I K1 in guinea pig heart is believed to be related to various concentrations of polyamines in atrial and ventricular myocytes [46] . Although ventricular myocytes in both sheep and guinea pig express Kir2.1 channels with a certain amount of Kir2.3, outward I K1 rectifies completely and increases in high K + o , which displays Kir2.1-like properties. Therefore, the unique properties of individual Kir2 isoforms as well as heteromeric Kir2.x complexes, and also variable concentrations of free intracellular polyamines determine regional and species differences of I K1 in the heart. However, the possibility that differences in subcellular distribution might contribute to overall variable protein densities of I K1 cannot be excluded in explaining the species and regional heterogeneity of cardiac I K1 rectification [40] .
MECHANISMS UNDERLYING INWARD RECTIFI-CATION OF I K1
Under symmetrical K + conditions, single channel conductance of cardiac I K1 is ohmic and the inward rectification of cardiac I K1 is believed to be attributed to the blockade of the channel pore by intracellular cationic molecules, e.g. Mg 2+ [16] . Intracellular free Mg 2+ ions (Mg 2+ i ) blocked guinea pig cardiac ventricular I K1 in a voltage-dependent manner [16, 47] . However, the rectification could not be abolished by removing Mg [16] . Therefore, the intrinsic channel gating was proposed to interpret the inward rectification in native cardiac myocytes [48] [49] [50] [51] .
The studies on molecular mechanism of rectification was facilitated with cloned inward rectifier channels [23, 28] . In cloned Kir2.1 channels heterologously expressed in Xenopus oocytes or mammalian cell lines, the intracellular free polyamines spermine, spermidine, and putrescine were found to block outward currents of Kir2.1 channels with steep voltage dependence, similar to I K1 in native cells [52, 53] , and the effect was stronger than that of Mg 2+ [51, 54] . It is generally accepted that molecular mechanism of inward rectification is related to the pore block of I K1 channels by intracellular polyamines and Mg 2+ i . In addition, surface charge screening of polyamines and Mg 2+ may also play a role [55] .
Site-directed mutagenesis studies suggest that the strong inward rectification of Kir2.1 channels is dependent on three negatively charged residues located in the second transmembrane domain (D172) and the carboxyterminal tail (E224 and E299). These amino acid residues are present in all Kir2.x channels, and are critically important for polyamine and Mg 2+ binding and voltage-dependent block of the channel pore [53, 54, 56, 57] . However, the possibility that other amino acid residues may also be involved in the inward rectification of the channel can not be excluded.
UNSOLVED MYSTERIES FOR THE MOLECULAR MECHANISM OF I K1 RECTIFICATION
The conclusion that the pore block by intracellular polyamines and/or Mg On the other hand, the studies with polyamines have greatly improved the understanding of molecular mechanisms of Kir channels rectification [53, 56, 57, 62] . However, almost all the studies with polyamines were performed under conditions of increased K + o concentrations [53, 56, 57, 62] , in which the channel conformation and sensitivity to polyamines would be altered. Polyamines are intracellular positively charged molecules and play an important role in cell growth, proliferation, apoptosis, and effects that involve DNA, RNA, transcription factors, nuclear protooncogenes, RNA-binding proteins, and cell growth signal transduction cascades [63] [64] [65] . In the heart, the polyamine concentrations are over a range of 100 to 500 μM [46, 63] with a free concentration of 20-30 μM [46] .
If physiological micromolar levels of polyamines are required to make the pore block of I K1 or Kir2.x channels under physiological K + o , the inward rectification of the current would be attenuated in cells dialyzed with polyamine-free pipette solution in whole-cell patch configuration; however, this has never been observed [42, 44, 50, [59] [60] [61] 66] . Interestingly, we recently found that additional inclusion of 100 μM spermine in patch pipette solution inhibited both the transient outward component and steady-state component of human Kir2.1 current without affecting the rectification property and resting membrane potential under physiological K + o [60] . Therefore, the degree that intracellular polyamines contribute to inward rectification should be re-evaluated under physiological K + o . In addition, it is important to clarify why intracellular polyamines block the channel in a single direction mode, i.e. inhibiting only outward-going K + without affecting inwardgoing K + ion under physiological concentrations.
TRANSIENT OUTWARD CURRENT CARRIED BY I K1 OR Kir2.x CHANNELS
The depolarizartion-activated transient outward current carried by I K1 channels or Kir2.1 channels [42, 60, 67, 68] were ignored in past decades, because I K1 channels were considered to act as a diode active only during hyperpolarization of the membrane [16, 69] , and very little or no current passes through the channel in the outward direction during depolarization under physiological conditions [47, 70] ; also I K1 channels were believed to be inactivated during the upstroke and plateau phases of the action potential and was consequently available for repolarization only during phase 3 of the cardiac action potential [71, 72] .
Actually, the transient outward component of I K1 was observed in guinea pig ventricular myocytes under high K + o (14-80 mM), but, the I-V relation of the depolarizationinduced instantaneous I K1 was linear [48, 73] , and the monoexponential inactivation time constant of instantaneous I K1 ranges only from 1.1 to 7.7 ms [48, 49] , which is believed to be related to inward rectification caused by the blockade of the channel by Mg 2+ i [48] and polyamines [70] and/or intrinsic, voltage-dependent gating or closing of the I K1 channel [16, 48, 49] (Fig.  1A) . The transient outward current exhibited significant voltage-dependent availability (the half-inactivation potential V 1/2 : -43.5 mV) and time-dependent recovery from inactivation (time constant: 13.2 ms). The inactivation phase of the significant transient outward current was fitted to biexponential function with inactivation time constants of 8 (tau 1 ) and 80 (tau 2 ) ms at 0 mV [59] . Action potential clamp revealed two components of Ba 2+ -sensitive currents during the action potential: one transient outward component evident immediately after upstroke of action potential and another component during phase 3 repolarization corresponding to classic I K1 . Little current was present during the plateau of the action potential (Fig. 1A-C) .
We initially thought that the significant transient outward current was an ignored component of I K1 activated by depolarization since the Ba 2+ application or removal of K + o inhibited both classic I K1 and the transient outward component. However, this notion was criticized by reviewers during the manuscript submission, because it is against the traditional concept that I K1 is a time-and voltageindependent background current. Therefore, the transient outward current with inward rectification was referred as I to.ir , and discussed it as a "novel" current [59] . The so-called "novel" Ba 2+ -or K + o -sensitive I to.ir was also found in guinea pig atrial and ventricular myocytes with similar properties [42] (Fig. 1B) to those observed in dog ventricular myocytes [59] . Although the possibility that Ba 2+ -sensitive transient outward K + current with inward rectification is carried by I K1 channels was proposed by Zhabyeyev and colleagues [68] , their study was performed in cardiac myocytes dialyzed by a low K + -pipette solution containing 10 mM K + and 130 mM Cs + .
The confirmatory evidence that I K1 channels indeed carry the I to.ir observed in dog and guinea pig cardiac myocytes [42, 59, 68] was recently obtained in HEK 293 cells stably expressing human Kir2.1 genes in a whole-cell patch configuration under physiological K + conditions [60] . The cells stably expressing hKir2.1 gene had a transient outward current activated by depolarization voltage, showed a I-V relationship with intermediate inward rectification (Fig. 1C) , and exhibited time-dependent inactivation and rapid recovery from inactivation. The half potential V 1/2 of availability of the current was -49.4 mV [60] , close to that in native ventricular myocytes [42, 59] . Moreover, in HEK 293 cells stably expressing human Kir2.1 gene, action potential waveform clamp revealed two components of outward currents; one was immediately elicited by the upstroke of action potential, and then rapidly inactivated during depolarization, another was slowly activated during repolarization of action potential (Fig. 1C-c) , which are similar to those of Ba 2+ -or K + o -sensitive current observed previously in native cardiac myocytes (Fig. 1A and 1B) [42, 59] . Interestingly, inactivation of the I to.ir was remarkably slowed by increasing free Mg (Fig. 2C) ; however, inclusion of spermine (100 μM) in the pipette solution inhibited both the I to.ir and steady-state current of Kir2.1 channels. Spermine did not alter the property of inward rectification of human Kir2.1 current under physiological K + o (Fig. 3) . Collectively, it should be confirmed that under physiological conditions I K1 channels or Kir2.1channels carry two components during cardiac action potential: one is transient outward elicited by upstroke, and another is steady-state activated by repolarization of action potential.
PHYSIOLOGICAL ROLE OF I K1 CHANNELS IN THE HEART
It has been well recognized that cardiac I K1 or Kir2.x channels play a crucial role in maintaining resting membrane potential and excitability in the heart. The resting membrane potential is attributed to the inward rectification property of cardiac I K1 or Kir2.x channels, i.e. much more easily passing K + ions in the inward direction (into the cell) than in the outward direction (out of the cell). When membrane potential is negative to its resting potential (E K ), cardiac I K1 channels support the flow of positively charged K + ions into the cell, and repolarize the membrane potential back to the resting potential. On the other hand, when the membrane potential is positive to the resting potential, I K1 channels allow very little K + ions to pass out of the cell. Therefore, cardiac I K1 plays an important role in setting resting membrane potential level and also contributes to repolarization in the heart [20, 74] . This is further demonstrated in guinea pig heart using gene transfer approach [75] . In this model, Miake and colleagues introduced adenoviruses with wild-type Kir2.1 or dominantnegative Kir2.1 gene into the left ventricular cavity of the animal and allowed the virus vectors to enter the coronary circulation and infiltrate ventricular tissue. They reported that overexpression of I K1 hyperpolarized, whereas suppression of I K1 depolarized the resting membrane potential. Greater I K1 currents shortened action potential duration, whereas suppression of I K1 increased action potential duration. In addition, overexpression of I K1 resulted in a short QT interval, whereas suppression of I K1 caused a long QT phenotype [75] .
Cell excitability has generally been associated with the ability of inward currents to generate an action potential upstroke. In addition to the contribution of IK1 channels in setting resting membrane potential to cardiac excitability [75] , the depolarization-activated time-and voltagedependent component (Ito.ir) [42, 59, 60, 68] of IK1 channels may control myocardial excitability. Because significant outward current carried by I K1 channels is elicited by depolarization of action potential at very negative potentials over a time course comparable to I Na , which is distinct from the steady-state outward component of I K1 that shows as a later outward current during phase 3 repolarization of cardiac action potential. Therefore, I to.ir of cardiac I K1 channels should make a significant contribution to K + efflux during phase 1 of action potential. The rapid recovery of the transient outward component of IK1 channels from inactivation suggests that its contribution to the action potential should be independent of the heart rate [42, 59, 60] . Thus, I to.ir of I K1 channels activated by upstroke of action potential should have physiological role in maintaining cardiac excitability, especially under pathophysiological conditions. Inactivation of I to.ir is strongly dependent on free Mg 2+ i [60] . Elevation of cytosolic free Mg 2+ slows the inactivation of I to.ir carried by human Kir2.1 channels, increases, but not reduces, the contribution of the current during depolarization of cardiac action potential, and therefore may reduce cellular excitability (Fig. 2) . In native cardiac myocytes, the depolarization-activated I to.ir contributes significantly to phase 1 repolarization of action potential [42, 59] and therefore may play an important role in maintaining cardiac excitability. Earlier work by Murphy et al. demonstrated that cytosolic free Mg 2+ level increased from 1 mM to >2.0 mM during cardiac ischemia [76] . The increased cytosolic free Mg 2+ level may actually reduce the excitability of ischemic myocardium.
On the other hand, additional inclusion of a high concentration of polyamines (spermine) in pipette solution strongly suppresses the I to.ir component of Kir2.1 current and its steady-state component (classic component of I K1 ) under physiological K + o , and therefore depolarization-activated component (I to.ir ) and repolarization-activated component of I K1 are reduced during the action potential (Fig. 3) [60] . Thus, cardiac excitability would be increased if intracellular free polyamines are elevated. Interestingly, total tissue concentrations of polyamines were significantly decreased during ischemia and reperfusion in rat hearts [77] . If a reduced intracellular concentration of free polyamines is combined with an increased free Mg 2+ i during myocardial ischemia/reperfusion, the contribution of depolarizationactivated I to.ir and steady state component of I K1 channels would be increased during the action potential, which favors the maintenance of cardiac excitability.
CONCLUSION
With advances in patch clamp and gene cloning technologies, great progress has been made in the field of ion channel biology and particularly in I K1 study during the past decade. Inward rectifier K + channels have been cloned from many tissues, and their biophysical properties have been elucidated. Although the voltage-dependent block of I K1 channels by intracellular free polyamines and/or Mg 2+ has been widely characterized to interpret the inward rectification, to that the effect was observed only under an increased K + o conditions, which remains to be re-evaluated under physiological K + o . More attention should be paid to the previously-ignored transient outward component of I K1 channels elicited by the upstroke of cardiac action potential in controlling cardiac excitability.
